Using first-principles density functional calculations, we study the electronic structure of double perovskite compound, La 2 CoMnO 6 , which is reported to be ferromagnetic insulator with a Curie temperature of about 240 K. Our calculations show that the insulating state in this compound is driven by Coulomb-assisted spin-orbit coupling operative within the Co-d manifold, with a rather large orbital moment of ≈0.17 μ B at Co site. Motivated by the report of magnetodielectric behavior in this material, we also investigate the response of infrared active phonons to the underlying spin ordering. Our calculations exhibit existence of very soft phonon modes which show a substantially large response to the change in magnetic ordering, proving the existence of strong spin-phonon coupling in this material, as found in case of another related compound, La 2 NiMnO 6 .
I. INTRODUCTION
Ferromagnetic insulators are rare in nature. It is even more rare to find ferromagnetic insulators with relatively high Curie temperature which can be used for devices. Known examples, such as EuO (T c ∼ 77 K), 1 CdCr 2 S 4 (T c ∼ 90 K), 2 SeCuO 3 (T c ∼ 25 K) (Ref. 3) have Curie temperatures significantly below room temperature. Double perovskites bring lot of promises in this context. A few of them has been found to exhibit ferromagnetism as well as insulating properties with reasonably high Curie temperature, e.g., La 2 NiMnO 6 (T c ∼ 280 K), 4 Sr 2 CrOsO 6 (T c ∼ 700 K). 5 For La 2 NiMnO 6 , additional interesting properties 6 such as magnetocapacitive behavior has been reported. Double perovskite compound La 2 CoMnO 6 (LCMO), 7 consisting of transition metal octahedra CoO 6 and MnO 6 has also been synthesized. Different studies on bulk and thin films of La 2 CoMnO 6 (LCMO) have carried during last years, exploring their properties. The precise valences of Co and Mn, 8 their spin states, the magnetic ground state have been a matter of debate. 9 Rigorous studies carried on bulk as well as thin films of LCMO on SrTiO 3 substrate 10, 11 have lead to the consensus that this diversity of the behavior presumably arises from the extend of ordering between Co and Mn. While Co/Mn ordered LCMO presents a ferromagnetic transition at T c of about 240 K for disordered samples, a different transition occurs at about 150 K together with a spin-glass like behavior.
12 X-ray absorption spectroscopy (XAS) as well as x-ray absorption near-edge spectroscopy (XANES) experiments 7, 13 suggested that ordered phases involve the 2+ and 4+ valences of Co and Mn, respectively, while the disorder phase is associated with 3+ and 3+ valences of Co and Mn, respectively. X-ray photoemission experiment carried out 10 2g ↑) configuration, respectively, with either fully filled or empty states within a spin-polarized calculation. The origin of the insulating behavior in LCMO thus calls for the need of first-principles investigation. To the best of our knowledge, no first-principles electronic structure calculation exists for LCMO.
In this study, we report a detailed DFT study of the electronic structure of LCMO. For our calculation, we considered the rhombohedral crystal symmetry as reported for the high temperature phase of Co/Mn ordered samples. 14 We have also investigated the response of the phonon upon the magnetic ordering since the magnetocapacitive behavior has been reported for LCMO. 15, 16 The rest of the paper is organized as follows. In Sec. II, we present the details of our computational techniques. The results are presented in Sec. III, which consists of several subsections. Subsection III A describes the results on crystal structure, Subsection III B describes the results on the electronic and magnetic structure, while in Subsection III C, we report our obtained results on phonons and their coupling with spin. The concluding remarks are presented in Sec. IV.
II. COMPUTATIONAL DETAILS
The calculations have been carried out using linear augmented plane wave (LAPW) basis with no shape approximation to the potential and charge density as implemented in WIEN2K (Ref. 17) as well as using the plane wave based pseudopotential method as implemented in VASP code. 18 For self-consistent calculations with LAPW basis, the number of k points were chosen to be 365. For the number of plane waves, the criterion used was muffin-tin radius multiplied by K max (for the plane wave) yielding a value of 7.0. In the La valence states, f-local orbital was added to reduce the linearization error. In the calculations involving spin-orbit coupling, it was included in scalar relativistic form as a perturbation to the original Hamiltonian. For the self-consistent calculation with the plane • . The rhombohedral unit cell of 1 f.u. is marked.
wave basis 4 ×4 × 4 Monkhorst-Pack k point mesh was used for good convergence and the energy cutoff was chosen to be 460 eV. The applied exchange-correlation functional was GGA in the Perdew and Wang (PW91) parametrization. 19 We used furthermore projector augmented wave (PAW) potentials.
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III. RESULTS
A. Crystal structure
The rhombohedral unit cell of LCMO having lattice constant of 5.488Å and 1 f.u. is shown in Fig. 1 . In view of the fact that the positions of light atoms such as O, may not be well characterized within the experimental technique, we have carried out structural optimization where the internal degrees of freedom associated with La and O atoms have been optimized keeping the lattice parameters fixed at experimentally determined values. 14 The relaxed structural parameters of the rhombohedral phase (see Table I ) agree well within less 1% with experimental ones. In the optimized structure, the CoO 6 , and MnO 6 octahedra are regular having equal lengths of all Co-O and Mn-O bonds. The CoO 6 and MnO 6 octahedra though exhibit trigonal distortion, with O-Co-O angles and O-Mn-O angles differing from 90
• . For CoO 6 octahedra, they differ by 1.31
• while for MnO 6 octahedra, they differ by 1.34
• . The Co-O-Mn angle is 160.02
• , deviating significantly from 180
• linear Co-O-Mn situation.
B. Electronic and magnetic structure
The spin-polarized density of states (DOS) calculated within GGA approximation in LAPW basis is shown in the left panel of Fig. 2 . As we see, the electronic structure calculated within GGA approximation gives rise to a half-metallic solution, with a gap in the majority spin channel and finite density of states at the Fermi energy, E F , in the minority spin channel. The transition metal d-oxygen p hybridized DOS extends from an energy range about −7 eV below E F to about 4 eV above E F . While the low lying states occupying an energy range from about −7 eV to about −4 eV or −3 eV are of predominant oxygen character, the states close to E F are of predominant transition metal d character. The octahedral crystal field split Mn-t 2g states are occupied in the majority spin channel, Mn-e g states being empty while both Mn-t 2g and Mn-e g states are empty in the minority spin channel. Both Co-t 2g and Co-e g states are occupied in the majority The octahedral crystal field splits the five-fold degenerate d levels into broad grouping of low-lying t 2g 's and high-lying e g (e σ g )'s. The presence of additional trigonal distortion in the CoO 6 and MnO 6 octahedra further splits the t 2g states into singly degenerate a 1g and doubly degenerate e π g 's, with e π g 's being higher in energy compared to a 1g . The half metallic solution obtained within the spin-polarized GGA calculation is therefore obvious. The states in the majority spin channel are either fully empty or occupied. In the minority spin channel out of 2e
− 's at the Co site, one occupies lowest lying a 1g state and the remaining e − can occupy either of the any doubly degenerate e π g states giving rise to a partially filled situation. While the broad t 2g -e g splittings turn out to be about 2 eV, the a 1g -e π g splittings are much smaller, ≈0.04-0.05 eV. Application of missing correlation effect in the form of GGA + U calculation though increases the splitting between occupied Co-e g and unoccupied Mn-e g states in the majority spin channel, and that between occupied Co-t 2g and empty Mn-t 2g , Co-e g in the minority spin channel, it cannot lift the degeneracy between degenerate Co-e π g states in the minority spin channel, leaving them partially filled with one electron. The left most upper panel of Fig. 3 shows the band structure of LCMO calculated within GGA + U (Ref. 21 ) for a typical choice of U = 4 eV and J H = 1 eV applied at Co and Mn sites. Only the minority channel is shown, since the majority channel is already gaped with either completely occupied or empty states. The corresponding DOS for both the spin channels is shown in the left most lower panel.
In order to explore the effect of spin-orbit coupling which is operative in t 2g manifold, we carried out GGA + SO being more than half filled, the orbital moment is pointed along the direction of the spin moment, while Mn 4+ being less than half filled, the orbital moment is pointed opposite to the direction of spin moment as listed in Table II . The orbital moment at Mn site is tiny due to the t 22 This clearly exhibits that LCMO is an insulator driven by Coulomb-assisted spin-orbit coupling, as has also been recently found for spinel compound 23 Fe 2 CrS 4 , and another double perovskite compound 24 Ba 2 NaOsO 6 . Within the spin-polarized calculations, the ferromagnetic spin alignment between Co and Mn, was found to be energetically stabler compared to antiferromagnetic spin alignment by about 0.3 eV, in conformity with the observed ferromagnetism in this compound. 7 The antiparallel alignment leads to a total spin of zero, with perfect cancellation of Co and Mn spins. Constructing a low-energy Hamiltonian in terms of Co-d and Mn-d degrees of freedom using the Nth order muffin-tin orbital (NMTO) based downfolding 25 calculations and employing the extended Kugel-Khomskii-like model (Ref. 26) , as done for 27 La 2 NiMnO 6 , the nearest neighbor magnetic exchange interaction between Co and Mn turned out to be of ferromagnetic nature and a value of 4 meV, for a choice of U = 4.0 eV and J H = 1.0 eV.
C. Phonons
LCMO compound has been reported to exhibit magnetodielectric effect. 15 In order to investigate this issue, we studied the response of optimized rhombohedral structure to changes in magnetic ordering, e.g., changes in phonon frequencies with changes in magnetic ordering. For this purpose, we calculated the -point phonons for the rhombohedral structure for the ferromagnetic alignment of Co and Mn spins vis-á-vis the antiparallel alignment of Co and Mn spins. Since the considered rhombohedral structure is the high temperature structure while the ground state structure is of monoclinic symmetry, 14 our T = 0 K calculations carried out on rhombohedral symmetry show presence of unstable modes. We find that frequencies of the lowest energy infrared (IR)-active phonons soften from 79.1, 137.3, and 201 cm −1 in the FM phase to 31.2, 96.9, and 166.3 cm −1 , respectively (indicated by arrows in Fig. 4 ), exhibiting a strong coupling with spin. The examination of atomic displacements corresponding to the lowest frequency mode, as shown in the inset of Fig. 4 , shows that the angle between the Mn-O (at the center of the oxygen-octahedra) and O-Co (rightmost corner of the cell) is affected by this phonon, reflecting the signature of exchange-striction driven spin-phonon coupling. Such softening of phonon modes in the vicinity of magnetic phase transition was also observed for Raman-active phonons in the measurement 15 by Truong et al., revealing a strong spin-lattice coupling in LCMO. Our observed softening of IR-active phonon modes may be compared with the case of La 2 NiMnO 6 , where softest phonon was found 27 to soften from 91.3 cm −1 in FM phase to 65.5 cm −1 for the antiparallel alignment. One would therefore expect a similar nature of magnetodielectric effect in LCMO as observed in case of La 2 NiMnO 6 . We note that neither of these two double perovskites are ferroelectrics. If they can be made ferroelectric by doping 28 or straining then one would expect a new class of multiferroic material with large magnetoelectric effect.
IV. CONCLUSION
In conclusion, using first-principles DFT calculations, we have explored the electronic structure of FM double perovskite compound, LCMO, which to the best of our knowledge has not been taken up earlier. Our study shows that unlike the sister compound, La 2 NiMnO 6 , the insulating behavior in this compound, is driven by spin-orbit coupling within the Co-e π g states of the octahedral and trigonal crystal field split Co-d manifold which gets assisted by the presence of Coulomb correlation. We also explored the existence of possible spinphonon coupling in this material. Our study showed the presence of soft IR-active phonon modes that respond strongly in terms of further softening upon changing the magnetic ordering. This would lead to large magnetodielectric effect, as observed experimentally.
